It has been known for many years that exposure to airborne asbestos fibers can lead to diseases such as asbestosis, lung cancer, and mesothelioma. As a result, asbestos is the most-studied natural mineral fiber. Although the exact mechanism of toxicity of mineral particles is unknown, several hypotheses have been proposed. The first one involves the fibrous nature of the mineral, its length, and its diameter (1-3). However, other studies carried out with fibers of equal length and diameter demonstrated that characteristics other than fiber size, such as chemical composition, are also crucial determinants of fiber toxicity (4,5). To explain this last point, Zalma et al. (6) and Pezerat (5) proposed a mechanism by which an interaction between an electron donor site (at the liquid-solid interface of the particle) and molecular oxygen present at a constant concentration in biological medium could exist, leading to the formation of electrophilic entities (A*), responsible for the oxidative stress. These oxidative species include OH radicals and iron oxo [Fe(V)] (7,8), which are apt to react with some biological molecules. Mineral particles have an oxidizing power dependent on the quantity of accessible divalent iron.
It has been known for many years that exposure to airborne asbestos fibers can lead to diseases such as asbestosis, lung cancer, and mesothelioma. As a result, asbestos is the most-studied natural mineral fiber. Although the exact mechanism of toxicity of mineral particles is unknown, several hypotheses have been proposed. The first one involves the fibrous nature of the mineral, its length, and its diameter (1) (2) (3) . However, other studies carried out with fibers of equal length and diameter demonstrated that characteristics other than fiber size, such as chemical composition, are also crucial determinants of fiber toxicity (4, 5) . To explain this last point, Zalma et al. (6) and Pezerat (5) proposed a mechanism by which an interaction between an electron donor site (at the liquid-solid interface of the particle) and molecular oxygen present at a constant concentration in biological medium could exist, leading to the formation of electrophilic entities (A*), responsible for the oxidative stress. These oxidative species include OH radicals and iron oxo [Fe(V)] (7, 8) , which are apt to react with some biological molecules. Mineral particles have an oxidizing power dependent on the quantity of accessible divalent iron.
The production of oxygen-activated species (OAS) by mineral particles described by physicochemists has also been suspected by biologists. Mossman and Landesman (9) thought that OAS were involved in asbestos toxicity. This was emphasized by observations that asbestos toxicity can be reduced by co-treatment of asbestos fibers with antioxidant (10) .
Our purpose is to contribute to the understanding of the toxicity of mineral particles on the respiratory epithelium, which is the main epithelial target of these compounds. The role of oxidative stress provoked by iron-containing mineral particles was also investigated. For this purpose, we used an in vitro model of mammal airway epithelium obtained by the explant technique (11) . This in vitro model allows us to maintain the cellular polarity and differentiation as found in intact tissue and to eliminate confounding immunological and nervous influences. Three mineral partides have been tested so far: nemalite, the richest Fe2+-containing mineral, Canadian chrysotile, an asbestos form naturally contaminated by nemalite and magnetite, and hematite containing Fe3+. Although these three naturally occurring partides have different shapes, we chose to use samples of particles, whose sizes were compatible with phagocytosis.
To measure the toxic potential of these particles on the respiratory epithelium, established cytotoxic tests of acute toxicity for this culture model (12, 13) have been used, thus leading to further study of a more specific effect on the epithelium, the induction of squamous metaplasia. Squamous metaplasia is characterized by conversion of mucociiary cells to keratinizing cells and is a putative preneoplastic lesion; it has been shown to occur in rodent and human tracheobronchial cells in organ culture after exposure to asbestos (14) . The mechanical injury induced by asbestos fibers was first considered to be responsible for the development of squamous metaplasia (10) . However, new data suggest that OAS produced by particles can also be responsible for this pathological differentiation (15) . In these studies the induction of squamous metaplasia by mineral fibers or OAS has principally been evaluated by morphological observations. So we have followed the induction of squamous differentiation through two criteria: the evolution of the expression of cytokeratins and the formation of cross-linked envelopes, the ultimate stage of squamous metaplasia. To evaluate the involvement of OAS in rabbit tracheal epithelial (RTE) cell toxicity, spin-trapping and electron spin resonance (ESR) spectroscopy were used to detect the formation of oxidizing species from the mineral particles.
Materials and Methods
We removed tracheas from 1-month-old Fauve de Bourgogne rabbits. The epithelium was separated from the underlying cartilage and cut into 2-mm2 explants (11) .
The explants were grown on a thick, hydrated gel of collagen, supplemented with minimal essential medium (MEM, Gibco) and 10% fetal calf serum (11) . At the beginning of the culture, cells are covered with MEM containing 10% fetal calf erum, supplemented with epidermal growth factor (EGF; 25 ng/ml), transferrin (5 pg/ml), glutamin (5 pg/ml), insulin (5 /ml), and hydrocortisone (92 /ml The electrophilic species, A*, are able to extract a hydrogen atom from an RH molecule to give an R radical. This capacity is used to evaluate the oxidizing power. In our test, the RH molecule is the formate anion, HCOO-, which produces the carboxylate radical anion, CO-The very short life of the radicals CO2requires a spin-trapping agent, 5,5'-dimethyl-1-pyroline-Noxide (DMPO), which reacts with CO2to
give the radical adduct (DMPO-CO-), which has a half-life time of about 1 hr under our experimental conditions. The quantification of the oxidizing power is evaluated by the intensity of the ESR signal corresponding to the radical adduct (Varian CSE 109 ESR spectrograph). In our study, fibers or particles ( Before depositing them on cultures, we shook particles vigorously to achieve homogeneous distribution of the particles on the culture. However, because of the ciliary beat, particles are swept from the outgrowth surface, and after 24 hr most of them were concentrated at the periphery of the culture, as shown on Figure 1 . On the rest of the outgrowth, particles were heterogeneously scattered and were probably strongly adherent to the cell surface because the numerous washings required for the preparation of scanning microscopy samples were not sufficient to wash them off.
Alterations induced by particles on cells were examined by scanning electron microscopy. As suspected by the number of particles observed at the peripheral of the outgrowth, peripheral cells exhibited dramatic modifications. In contrast, the cells of the rest of the outgrowth seemed to preserve their integrity. Particularly, cilia of ciliated cells did not exhibit lesions, although they have been strongly implicated in the removal of particles at the beginning of the treatment.
Hematite particles formed conglomerates at the surface of the outgrowth (Fig.  2c) . Figure 2d shows the profound modifications induced by hematite on RTE cells. Some cells were distorted, exhibiting blisters and swelling. Such swelling of the apical surface of cells suggested endocytosis.
Cultures treated with fibers (nemalite and chrysotile) did not show cells as swollen as those observed after treatment with hematite. But numerous small, round cells appeared at the periphery of the outgrowth, corresponding to cells that are sloughing off the tissue (Fig. 2e) . Nemalite fibers as well as chrysotile fibers pitted cells (Fig. 2b,e (Fig. 3b) or partially (Fig.  3c) filled with particles. As the cultures were stratified, we can see that basal and apical cells showed phagocytosed particles (Fig 3b,c) . As far as the apical cells are con- Figure 4 . All particles were tested at three different concentrations for various treatment times. Each type of particle had a dose-dependent effect on culture growth. However, the toxic effect evolved with the time of treatment depending on the type of particle considered.
After 24 hr of treatment, hematite and nemalite had an effect at 50 pg/cm2 (Fig.   4a,b) , and nemalite was more efficient than hematite (33% ± 4 of culture growth inhibition for nemalite compared to the control culture and 12% ± 1.7 for hematite). In contrast, chrysotile only had an effect at 100 pg/cm2 (37% ± 1.7; Fig. 4c ). Considering the short-term effect, nemalite was the most cytostatic particle. Upon classifying the minerals according to their effect on culture growth after 24 hr of treatment at 100 pg/cm2, nemalite was more efficient than chrysotile, which was more efficient than hematite. As the cultures were treated, the effect on the growth of the culture evolved. Nemalite had a reversible effect, as recov- ery of the growth of the culture was observed after 25 days of treatment even at 100 pg/cm . In contrast, the toxicity increase was more conspicuous with the time of treatment from 50 pg/cm2 for chrysotile and hematite. Considering the long-term effect, chrysotile is the most cytostatic particle. After 5 days of treatment at 100 pg/cm2, chrysotile was more efficient than hematite, which was more cytostatic than nemalite.
The cytostatic effect observed was initially attributed to mechanical action. Indeed, the peripheral crown of particles could prevent the cells from progressing on the collagen substratum. The inhibition of the culture growth could correspond to a squeezing of the cells rather than to a real inhibition of proliferation. However, two facts allowed us to rule out this possibility. On one hand, recovery of the culture growth can be observed in the cultures treated by nemalite, suggesting that RTE cells were able to get over the particles. On the other hand, the count of cell number according to the outgrowth surface showed that the cellular density was the same in control and treated cultures (data not shown).
The effect of an iron chelator, desferrioxamine, on particle action was investigated. As 2.6 ± 1.9* Results are expressed as the total number of CLE per particle-exposed culture divided by the total cell per particle-exposed culture x 100. Values represent the average of two separate experiments, which both represent the mean of three values. *p < 0.005 compared to the control. control cultures is 544% ± 82. In contrast, hematite did not favor the formation of CLE. Chrysotile slightly increased the number of CLE, but the difference is only significant for p < 0.5 (Dunnett test).
As the cytoskeleton of keratins undergoes modifications during squamous metaplasia, we studied the evolution of the cytokeratin network using indirect immunofluorescent staining. Whole cytokeratins were labeled with a polyclonal anticytokeratin antibody.
Even when the cells were entirely covered with particles (Fig. 5a) , the cytokeratin network (Fig. 5b) kept an apparently normal structure. However, some cells exhibited a dense network (Fig. 5d) . Observation of the same field by Normasky interferential contrast revealed that these cells were covered or filled with particles and sloughed off the culture (Fig. 5c ).
Double staining with monospecific monoclonal antibodies allowed us to follow the apparition of squamous cells with the antibody 1C7 specific to cytokeratin-13, a marker of squamous metaplasia (20, 21) . In the treated cultures, 1C7-positive cells were observed, but the number of these cells was difficult to evaluate only by microscopic observations (data not shown).
To determine whether the expression of cytokeratin-13 was modified in treated cultures, keratins were extracted and separated by 10% SDS-polyacrylamide gel electrophoresis and then transferred onto nitrocellulose. The results of the electrophoresis are shown in Figure 6 . Seven main protein bands were observed, which had already been described by Baeza et al. (21) as keratin bands. Based on the bluecoomassie-stained gels (Fig. 6a) , no obvious differences could be detected between the pattern of keratins of the cultures treated by the particles and the control culture.
The western blots were revealed by monoclonal antibodies, especially against cytokeratin-13. This keratin was expressed both in control culture and treated cultures (Fig. 6b) . As the same quantity of protein had been deposited in each well, a greater expression of cytokeratin-13 was observed in the cultures treated with nemalite and chrysotile.
Oxidizing Power of Partides
To determine the oxidizing power of particles, they were suspended in serum-free culture medium supplemented with 1 M phosphate buffer (pH 7.4). We tested their capacity to produce OAS by ESR. We used DMPO to trap the radicals, which would otherwise react too quickly to be detected. The concentration of phosphate in culture medium increased the leaching kinetics of the partides and reinforced, as ligands, the reducing capacity of Fe2+, leading to signifEnvironmental Health Perspectives icant differences of intensity of the ESR signals. Results presented in Table 3 show that whereas hematite, a ferric oxide, was In regard to the concentration used, whatever the particle concerned a minimum concentration of 10 I.-treated with partides for several weeks, and squamous metaplasia was principally assessed by morphological observations (10, 27 Of the three minerals tested, nemalite is the most efficient in producing effects, after a short time of treatment, on the culture growth and the induction of squamous metaplasia. As its action is reduced by pretreatment with desferrioxamine, an iron chelator, and as it produced significant amounts of OAS, we postulate that nemalite acts on RTE cells by oxidative stress linked to its divalent iron content.
Primary cultures of RTE can bring information concerning the effect of particles on airway cells. The functional ciliated epithelium reconstituted in vitro is similar to that existing in vivo. As such, results obtained are probably more representative of reality than those obtained on cell lines.
Moreover, the modification of differentiation by toxic agents can be identified early by two specific criteria. This model appears suitable to study the multistep process of squamous metaplasia and to investigate how partides may alter squamous differentiation control mechanisms leading to neoplastic transformation.
